Abstract Fifty eight single-spore Togninia minima (anamorph Phaeoacremonium aleophilum) isolates were recovered from grape rootstock wood of plants that showed symptoms of Petri disease and esca from 2001 to 2008 in Spain. These isolates were studied by means of mating type distribution, UP-PCR analysis, and virulence assays. Analysis of clone-corrected data sets showed equal frequencies of both mating types in the entire Spanish population, in the Ciudad Real region, at inter-vineyard and intra-vine spatial scales; while unequal mating type distribution was detected in Valencia and Zaragoza regions, at intra-vineyard and intravine spatial scales. This is the first study on distribution of T. minima mating types on spatial scales varying from vineyards to regions. A total of 49 polymorphic UP-PCR markers were obtained using seven UP-PCR primers. Four optimal clusters were inferred with Bayesian structure and multivariate analyses from the UP-PCR data. The high number of unique genotypes observed within the Spanish population, combined with a nearequal distribution of mating types, suggested that sexual reproduction probably does occur. However, based on allele distribution and frequency, each of the three subpopulations appeared to be evolving independently. Gene and genotype diversities across the subpopulations were similar and ranged from 0.24 to 0.27 and from 0.27 to 0.37, respectively. The detection of genetically identical isolates within and among subpopulations indicates that an asexual reproductive component should not be excluded. Contrast analysis among groups defined by UP-PCR analyses showed no significant differences in the virulence of T. minima isolates.
Introduction
The hyphomycete genus Phaeoacremonium is an ecologically important taxon that includes species associated with human infections (Ajello et al. 1974; Guarro et al. 2003; Mostert et al. 2005) , as well as disease symptoms of a number of woody hosts worldwide (Rumbos 1986; Di Marco et al. 2004; have been studied intensively because of the involvement of these taxa in two complex fungal diseases, namely Petri disease in young grapevines and esca in adult grapevines (Mostert et al. 2006) . These diseases have a severe impact in grapevine production, causing considerable economic loss to the industry in the main grapevine growing regions worldwide (Mugnai et al. 1999; Gramaje and Armengol 2011) .
The genus Phaeoacremonium includes a total of 35 species, and 25 have been isolated from grapevines (Mostert et al. 2006; Essakhi et al. 2008; Graham et al. 2009; Gramaje et al. 2009a) . Of those, Phaeoacremonium aleophilum (teleomorph Togninia minima) appears to be the most widely distributed species, as well as the most common in grapevines (Larignon and Dubos 1997; Mugnai et al. 1999) .
The genus Togninia was confirmed as Phaeoacremonium teleomorph (Mostert et al. 2003) , and its phylogenetic position clarified within the Togniniaceae in the Diaporthales (Réblová et al. 2004 ). Presently, 12 Phaeoacremonium species have been linked to Togninia teleomorphs (Hausner et al. 1992; Mostert et al. 2006; Réblová and Mostert 2007; Damm et al. 2008) . Togninia species known to date have been shown to have either a homo-or heterothallic mating strategy (Mostert et al. 2003 (Mostert et al. , 2006 Rooney-Latham et al. 2005a ). In the case of the heterothallic ascomycete T. minima, matings of compatible isolates can be induced easily in the laboratory (Rooney-Latham et al. 2005a) . Mating experiments demonstrated that both mating types can occur in the same field, and even in the same vine (Mostert et al. 2003; Pascoe et al. 2004 ). Moreover, Rooney-Latham et al. (2005b) found abundant perithecia of T. minima clustered on dead vascular tissue in trunks and cordons or on the surfaces of decayed pruning wounds on grapevines in five California counties, confirming the role of ascospores as a source of inoculum for new grapevine infections.
The genetic variation within populations of T. minima has been studied in more detail than that of other Togninia species (Péros et al. 2000; Tegli et al. 2000; Cottral et al. 2001; Borie et al. 2002; Martín and Martín 2010) . Using Random Amplified Polymorphic DNA (RAPDs) and Inter-simple sequence repeat (ISSR) analyses, Tegli et al. (2000) showed that considerable genetic variation existed among 15 isolates of T. minima collected from a single vineyard in Italy, suggesting that sexual reproduction might occur. In France, Péros et al. (2000) and Borie et al. (2002) found several different haplotypes among 42 T. minima isolates collected from a single vineyard using RAPD markers, suggesting several outside sources of the primary inoculum. Considerable genetic variation, suggestive of ongoing recombination, was also found in Universal Primed Polymerase Chain Reaction (UP-PCR) studies performed with eight Australian, six Italian, and one Yugoslavian T. minima isolate(s) (Cottral et al. 2001) . Recently, Martín and Martín (2010) studied the degree of genetic variation of 36 T. minima isolates collected in Castilla y León (northwestern Spain) using RAPDs analysis, 30 isolates by sequencing six genomic regions, and 17 isolates using amplified fragment length polymorphisms (AFLP) analysis. The authors concluded that considerable genetic variation existed among T. minima isolates in this region of Spain.
The UP-PCR technique is in part similar to the traditional RAPD technique (Williams et al. 1990 ), but the method employs longer primers (15-20 nucleotides), designed for higher annealing temperatures, that provide information for the fingerprinting of any organism . As the UP-PCR primers selected for fungi primarily target intergenic, more variable areas of the genome, this method is especially suitable for detecting intraspecific variation . The main advantage of UP-PCR compared with RAPD is that the higher annealing temperatures (52-56°C) result in a high degree of reproducibility and the generation of more complex banding patterns, which improves the likelihood of identifying isolate-specific and pathotype−specific bands Lübeck et al. 1999) .
Further research on the occurrence of T. minima in different regions of the world and the use of additional molecular tools may provide additional information on introduction frequencies, geographical spread, and insight into the mechanisms of inoculum dispersal. Although it is known that T. minima can undergo sexual reproduction (Mostert et al. 2003; Pascoe et al. 2004; Rooney-Latham et al. 2005a) , it is not clear what role sexual reproduction plays in the genetic structure of pathogen populations and the epidemiology of the disease.
Consequently, the purposes of this study were to: (i) to determine the mating type frequencies of a wide collection of T. minima isolates collected from grapevines in Spain on different spatial scales including different subpopulations, vineyards and plants; (ii) to determine the level of genetic diversity among these isolates using UP-PCR analysis; (iii) to estimate the genetic differentiation within and among three subpopulations in Spain; and (iv) to assess the virulence of representative T. minima isolates from UP-PCR groups generated in this study.
Materials and methods

Fungal isolates
In this study we used 58 T. minima isolates representative of different locations in Spain obtained during 2001 to 2008 ( Fig. 1 and Table 1 ). Isolates were recovered from rootstock wood of plants that showed symptoms of Petri disease and esca. Sections were cut from affected areas, washed under running tap water, surface disinfested for 1 min in a 1.5 % sodium hypochlorite solution and washed twice with sterile distilled water (SDW). Small pieces of discoloured or decayed tissues were plated onto malt extract agar (MEA) (Oxoid Ltd., Basingstoke, Hants, England) supplemented with 0.5 g l −1 of streptomycin sulphate (MEAS) (Sigma-Aldrich, St. Louis, MO, USA). Plates were incubated for 10-15 days at 25°C in the dark.
Isolates were transferred to potato dextrose agar (PDA; Biokar-Diagnostics, Zac de Ther, France) and incubated using the same conditions. Isolates derived from single spores were produced prior to use by means of the serial dilution method (Dhingra and Sinclair 1995) and stored in 15 % glycerol solution at −80°C in 1.5-ml cryovials.
Inter-vineyard variation in Spain was studied by collecting 32 isolates from 29 different vineyards representing 11 grapevine growing provinces (Madrid, Alicante, Málaga, Ciudad Real, Valencia, Cuenca, Toledo, Granada, Asturias, Zaragoza and Mallorca) ( Table 1) . Intravineyard variation was studied in three vineyards, two located in Ayelo (Valencia) and one located in Tosos (Zaragoza), with five, four, and seven vines sampled, respectively. To study intra-vine variation, two vines were sampled more intensively and a total of five isolates each were obtained from vines in Ayelo and Cheste (Valencia). Reference isolates of T. minima (CBS 24691 and CBS 63164) were obtained from the Centraalbureau voor Schimmelcultures in the Netherlands (CBS).
Identification of T. minima was confirmed by sequence analysis of the β-tubulin gene using primers sets T1 (O'Donnell and Cigelnik 1997) and Bt2b (Glass and Donaldson 1995) followed by comparison to the polyphasic, online identification system for Phaeoacremonium species recognition (http://www.cbs.knaw.nl/ phaeoacremonium/biolomics.aspx) developed by Mostert et al. (2006) . Sequences derived from this study were deposited in GenBank (Table 1) . Fig. 1 Geographical distribution of Spanish isolates of Togninia minima. The two-letter-code indicates the name of the province as presented in Table 1 Mating type tests
Mating tests with all T. minima isolates were performed as described by Mostert et al. (2003) . Isolates were grown on MEA plates for 2 weeks, using five plates per isolate. Conidia were dislodged from the agar surface by means of a glass rod, and suspensions were prepared in 5 ml sterile distilled water. Two aliquots of 100 μl each, representing two different isolates, were pipetted onto twiceautoclaved pieces of grapevine canes placed on 2 % water agar plates (GWA) (Difco, France). Isolates were mated in all possible combinations. According to the previous study carried out by Rooney-Latham et al. (2005a) , the CBS strains were found to be of opposite mating type and were designated as mating type A (CBS 24691) and mating type B (CBS 63194). Controls consisted of a 200 μl aliquot of one isolate only. Plates were incubated at 22°C for 10 weeks under continuous white light (Philips TLD18W/33) as recommended by Mostert et al. (2003) and examined microscopically at weekly intervals for the presence of fruiting structures. For a mating to be considered successful, perithecia had to produce large quantities of ascospores that germinated readily in culture. Each pair of isolates was replicated three times. The experiment was repeated once. Significant departures from the expected 1:1 ratio in mating-type frequencies were tested with a chi-square (χ 2 ) test. This test was not performed on sample sizes of less than 10 due to lack of statistical power (Fincham and Day 1963) .
DNA extraction
Fungal mycelium and conidia from pure cultures grown on PDA for 2 weeks at 25°C in the dark were scraped and mechanically disrupted by grinding to a fine powder under liquid nitrogen using a mortar and pestle. Total DNA was extracted using the E.Z.N.A. Plant Miniprep Kit (Omega Bio-tek, USA) following the manufacturer's instructions. DNA was visualized on 0.7 % agarose gels (agarose D-1 Low EEO, Conda, Madrid, Spain) stained with ethidium bromide and was stored at −20°C.
UP-PCR amplification
Eleven primers were screened for use in the UP-PCR analysis against 20 T. minima isolates selected at random. Based on banding patterns and intensities, seven of the primers (AA2M2, L45, AS15, AS15inv, L15, L15/AS19 and 3-2) were selected for use in this study. UP-PCR reactions were performed according to Lübeck et al. (1999) with modifications. Each 25 μL reaction volume contained 10 mM Tris-HCl (pH 8.0), 50 mM KCl, 200 μM each of dGTP, dCTP, dATP and dTTP, 2.5 mM MgCl 2 , 20 pmoles of primer, 1.25 U of Taq DNA polymerase (Roche Molecular Biochemicals, Mannheim, Germany) and 10 ng genomic DNA. Amplification was performed using a Mastercycler Gradient apparatus (Eppendorf). The amplification conditions were as follows: denaturation at 94°C for 5 min, then 5 cycles of 94°C for 50 s, annealing at the specified temperature for 2 min and primer extension at 72°C for 1 min (5 cycles), then followed by 94°C for 50 s, annealing at the specified temperature for 90 s, and primer extension at 72°C for 1 min (34 cycles), with a final extension at 72°C for 10 min. Specified temperatures for each primer sequence were applied as described previously (Bulat et al. 1994; Lübeck et al. 1998; Cumagun et al. 2000) . UP-PCR amplification products were separated on 1 % agarose gel electrophoresis in TBE. The gels were stained with ethidium bromide and visualised using a VersaDoc Imaging System (Bio-Rad).
UP-PCR analysis
Amplification profiles of the 60 T. minima isolates generated by the seven selected UP-PCR primers were compared and the DNA fragments were scored manually as present (1) or absent (0). Only the intense and reproducible bands were scored. Three independent amplifications were done for each isolate. The reproducibility of UP-PCR was assessed by comparing the fingerprinting obtained from triplicate assays of 10 strains based on all primer combinations. For genotype determination, T. minima isolates were clone-corrected using UP-PCR analysis. Isolates with the same UP-PCR fingerprints were considered clones. The clonal fraction for each sampling unit was calculated by dividing the number of genotypes detected by the total number of isolates and subtracting it from one (Zhan et al. 2002) .
Population structure was tested with Bayesian clustering using the Structure 2.2.3 program (Falush et al. 2007) . Structure is a Markov chain Monte Carlo-based approach that clusters individuals to minimize HardyWeinberg and gametic phase disequilibria within groups (Pritchard et al. 2000) . We assumed a model with population admixture and that the allele frequencies were correlated within populations. Runs for each K value (from 1 to 10) were independently replicated 20 times with a burn-in of 50 000 followed by 100 000 iterations of Monte Carlo Markov Chain (MCMC). The estimate of the posterior probability of the data (loge P(D)) was then standardized using the ad hoc ΔK statistic, based on the rate of change between successive K values, to infer the uppermost level of structure in the data set (Evanno et al. 2005) .
Secondly, the same data set was analyzed using the Baps program (Corander et al. 2004 ) to assess whether these results were robust to different analytical methodologies. Baps uses a stochastic optimization algorithm approach finding the posterior mode of the genetic structure and has a faster execution speed compared with MCMC methods. The optimal number of genetic groups (K) was estimated using the 'clustering of individuals' option. Values of K from 1 to 15 were entered 10 times each. The output of this initial analysis was then used as the basis for an admixture analysis using the 'admixture based on mixture clustering' option. For this, the minimum size of a population was set at three individuals and runs of 10 5 iterations. Discriminant analysis of principal components (DAPC) (Jombart et al. 2010 ), a multivariate method implemented in the R package adegenet (Jombart 2008) , was used to investigate the genetic diversity among isolates without considering geographical criteria. The first step of DAPC is based on a principal component analysis (PCA) of the allelic diversity among isolates and a sequential K-means procedure to infer the optimal number of groups, minimizing the within-group genetic variability. The Bayesian information criterion (BIC) is used to assess the optimal number of groups (Jombart et al. 2010) . A discriminant analysis (DA) is then applied on these first results, summarizing the genetic differentiation among groups and producing a visual assessment of this differentiation. We only kept a single copy per genotype to give less weight to clonal genotypes in this analysis.
Analysis of molecular variance (AMOVA) using the software Arlequin version 3.11 (Excoffier et al. 2005) was carried out to differentiate percentage variations among and within clusters.
Gene and genotype diversity
The frequency of alleles at each locus and gene diversity (h) (Nei 1973 ) was calculated using the software POPGENE version 1.32 (Yeh et al. 1999) . Genotypic diversity (G) was estimated using the equation G01/ Σpi 2 , where pi is the observed frequency of the i th phenotype (Stoddart and Taylor 1988) . Contingency chi-square (χ 2 ) tests for differences in allele frequencies were calculated for each locus across clone corrected subpopulations. Gene diversities across loci were recorded as significantly different to one another when the calculated χ 2 values were higher than the value on the chi-square table at P < 0.05 at each corresponding degree of freedom. Analysis of molecular variance (AMOVA) was also carried out to differentiate percentage variations among and within subpopulations. Geographic origin, spatial scale sampled and mating type of all isolates were compared with UP-PCR variation to detect possible correlations.
Virulence assays
Twenty isolates of T. minima were randomly selected from each of the four main clusters defined by Bayesian and multivariate clustering analyses (five isolates per cluster) (Table 1) . Virulence assays were conducted on 1-year-old grapevine cuttings of 110 Richter (R) rootstock. In total 320 dormant cuttings were cut into uniform lengths containing four to five buds, and then hotwater treated at 53°C for 30 min to eliminate the possible incidence of fungal trunk pathogens (Gramaje et al. 2009b) . In order to enhance callusing and rooting, dormant cuttings were buried into sterilized peat moss in plastic boxes, and placed in a callusing room at 25°C and 100 % humidity for 4 weeks. After callusing and rooting, cuttings were wounded between the two upper internodes with a 5-mm cork borer (Péros and Berger 1994) . A 5 mm mycelium agar plug from a 2-weeks-old culture was placed in the wound. Wounds were wrapped with Parafilm®. Eight cuttings per fungal isolate were used. Eight cuttings were inoculated with 5 mm uncolonized PDA plugs from two different plates as negative controls. Inoculated cuttings were planted immediately in individual pots, placed in a greenhouse at 25°C and watered every 3 d or as needed. Plants were arranged in a completely randomized design. The experiment was repeated.
Cuttings were collected after 4 months and inspected for lesion development. Extent of vascular discolouration was measured upward and downward from the inoculation point. Additionally, shoot dry weight was evaluated for sprouts formed above the inoculation point. Small pieces (0.5 to 1 cm) of necrotic tissue from the edge of each lesion were cut and placed on MEAS in an attempt to recover the inoculated fungi and complete Koch's postulates. Fungi were identified as previously described.
Analyses of variance (ANOVA) were conducted to analyze lesion length and shoot dry weight data. Means of the values were separated by Student's least significant difference test at P<0.05. Linear singledegree-of-freedom contrasts were computed to test the effect of selected UP-PCR group combinations (Mead et al. 2003) . To avoid inflating type I error rates, we assessed statistical significance via sequential Bonferroni correction, with a P<0.05 experimentwide error rate (Rice 1989) . In all cases the SAS program (SAS Institute, Cary, North Carolina, USA) was used.
Results
Mating type tests
Approximately 28 days after conidial suspensions of each paired cultures of T. minima were pipetted onto the canes of GWA plates, black and globose perithecia were observed on wood surfaces and in the agar. Pairing results of field isolates of T. minima were consistent with a heterothallic mating type system. Mating types of each isolate are listed in Table 1 . Frequencies of the two mating types in clone-corrected isolates did not differ significantly from a 1:1 ratio in the Spanish population, in Ciudad Real region or at inter-vineyard spatial scale (P>0.05) ( Table 2) . Mating type ratios for Valencia and Zaragoza regions were 16:3 and 2:8, respectively, which did deviate significantly from a 1:1 ratio (P<0.05).
UP-PCR analysis
Seven UP-PCR primers were used to screen 58 T. minima isolates covering 11 geographical provinces in Spain and two reference isolates obtained from the CBS (Table 1) . Amplification products yielded genomic fingerprints consisting of fragments ranging in size from 180 to 1,050 bp. The seven primers generated a total of 81 reproducible bands from the 60 T. minima isolates of which 49 were polymorphic (60.5 %).
After clone correction, 52 unique multilocus genotypes were identified in the sample of 58 individuals. The clonal fractions for all sample units were low (ranging from 0 to 0.15) ( Table 2) Analyzing the data with Baps revealed eight population groups and a more specific distribution of genotypes (Fig. 3) . According to this Bayesian method, the four main clusters obtained by Structure analysis were split into two groups each (Table 1 and Fig. 3) . With respect to the overall pattern of population clustering, results with Baps were mostly consistent with those obtained with Structure.
The sequential K-means procedure associated with BIC indicated an optimum of 4 genetic clusters that minimized diversity within clusters (Fig. 4) . Discriminant analysis used on the PCA coordinates of genotypes and assignment of genotypes to these clusters produced two main axes explaining 41 % and 22 % of the total variability among clusters. The isolates that apparently had mixed ancestry with the Structure analysis were assigned to well defined clusters by using Baps program and multivariate analysis ( Table 1) .
The four main clusters identified in Bayesian and multivariate clustering were tested for significance and apportionment of variation with hierarchical AMOVA; wherein 43.47 % of the variation was apportioned among the four clusters and 56.53 % among isolates within clusters (Table 4) .
Gene and genotype diversity
The highest level of genotype diversity was observed for the isolates from Ciudad Real (0.37). Moderate diversity was found for the isolates from Valencia (0.31) and the isolates from Zaragoza showed the lowest diversity (0.27) ( Table 2) . Mean gene diversity across all loci ranged from 0.24 for the Ciudad Real and Valencia subpopulations to 0.27 in the Zaragoza subpopulation (Table 3) . Chi-square tests showed that allele frequencies in the three T. minima subpopulations differed significantly from one another (P<0.01) at only one of the seven loci scored (L15). The AMOVA intrasubpopulations variability accounted for 93.5 % of the total variation whereas variability among subpopulations was very low and accounted for~6.5 % of the variability observed (Table 4) .
Virulence assays
Data of the two virulence assays were combined because of the lack of significant differences between the two tests and among the studied variables (P>0.05). All isolates of T. minima used in this study were pathogenic to grapevine cuttings of 110 R rootstock (Table 5) . Symptoms developed by 3 months after inoculation consisted of leaves with interveinal chlorosis and necrosis, and necrotic xylem lesions.
The statistical analysis indicated significant (P< 0.001) differences in virulence among isolates. Values of lesion length ranged between 4.7 and 10.8 cm, and the values of shoot dry weight from 0.6 to 2.5 g. All the T. minima isolates caused lesions in the xylem of grapevine rootstock that were significantly longer than in the control. All the isolates decreased the shoot dry weight with the exception of isolates , from which the average shoot dry weight were not significantly different compared with the control (Table 5) . Linear single-degree-of-freedom contrasts performed among isolates belonging to the four UP-PCR clusters and both mating types showed no significant differences.
Discussion
The primary objective of this study was to characterize T. minima isolates collected from symptomatic vines in Spain by means of UP-PCR analysis and virulence assays, and to analyze the distribution of T. minima mating types at different spatial scales. Results of the in vitro crosses demonstrated that both mating types were present at all spatial scales from a wide range of geographical areas, including the detection of the two mating types together in the same plant, suggesting that close physical proximity of the two mating types is common in agricultural fields. The close proximity of opposite mating types increases the likelihood that the teleomorph will form. This is the first study on distribution of T. minima mating types on spatial scales varying from vineyards to regions. The presence of perithecia in the vineyard would provide strong evidence that mating is actually frequent. In this regard, Rooney-Latham et al. (2005b) discovered fruiting bodies of T. minima on grapevines exhibiting symptoms of esca in vineyards located throughout California. Perithecia were also observed in Australia and California on infected grapevine wood pieces after 2 to 5 months of moist incubation Fig. 4 Scatterplot of the discriminant analysis of principal components (DAPC) on Togninia minima genotypes. Only the two-first principal components of the DAPC are represented. The first axis is the horizontal axis. Number and colours represent the four genetic groups found by the K-means method. At the top left, the Eigen values of the first three axes are represented. For each isolate, assignment of each of the four clusters is given in Table 1   Table 3 Gene diversity and chi-square (χ 2 ) tests for differences in allele frequencies for seven UP-PCR primers across clone corrected subpopulations of T. minima in the laboratory (Pascoe et al. 2004; Rooney-Latham et al. 2005a) . The Spanish population of T. minima showed nearequal proportions of mating type. Our results are consistent with findings made by Rooney-Latham et al. (2005a) , who found five mating type A and seven mating type B strains in a sample of 12 isolates from California and France, and are also in agreement with those obtained in South Africa, where 21 T. minima isolates were near-equal distributed (10:11), thus agreeing with a 1:1 segregation of mating (Mostert et al. 2003) . The distribution of the two mating types in local populations in Spain was variable. Samples from Valencia and Zaragoza showed uneven distribution of mating type. This suggests selection, recent migration of individuals or predominantly asexual reproduction. The effects of asexual reproduction can be dismissed because all analyses were performed on clone-corrected data sets to remove any bias caused by differential reproduction and recovery of clones. Additional sampling of T. minima isolates in these regions will confirm whether disequilibrium occurs commonly, and will help to determine its causes.
By contrast, samples from Ciudad Real or the intervineyard spatial scale study showed approximately equal proportions of mating type, which is consistent with sexual recombination contributing to variation. Skewed segregation ratios of sexually reproducing fungi would be consistent with rarity of sexual reproduction, and in the case of T. minima, with a major role played by dispersion of inoculum via infected planting material (Gramaje and Armengol 2011) .
The Bayesian clustering and multivariate analyses of UP-PCR genotypes provided a useful starting point and framework to investigate population structure of T. minima in Spain. These analyses confirmed differentiation among the T. minima isolates which grouped into four main statistically defined clusters. In a similar study using AFLP markers, Comont et al. (2010) observed two genetically differentiated but sympatric clusters of isolates and a high level of haplotypic diversity in a French collection of Phaeomoniella chlamydospora, another important causal agent of Petri disease of grapevine. Although the sexual stage of Pa. chlamydospora is unknown and this would be expected to display a low genotype variation, these two clusters obtained by Bayesian approach and multivariate analysis suggested that reproduction in this species may not be strictly clonal (Comont et al. 2010 ). More genetic diversity was found in our study. Isolates from different geographic origins, isolated from the same spatial scale or representing diverse mating types were not grouped in genetically distinct clusters. This suggests that all the isolates tested in this study share a similar genetic background regardless of their geographic origin. Moreover, the fact that similar UP-PCR patterns were found between isolates recovered from different geographic origins suggests that migration could have occurred recently between these locations. Repeated sampling of the identical genotype from various, perhaps distant, localities or from samples taken years apart is often the most robust and significant evidence for clonal reproduction (Tibayrenc et al. 1991) . However, further sampling will be necessary to confirm this hypothesis. A similar situation was found in the study made by Tegli et al. (2000) , where four and five different groups were identified by RAPDs and ISSR markers respectively, with no significant clustering of isolates with the same geographic origin. However, in agreement with our findings, these authors observed that isolates from the same vine occasionally clustered in the same groups. In our study, a total of 49 polymorphic bands (60.5 % of polymorphism) and 54 different genotypes were obtained among the 60 isolates studied. Similar findings were obtained by Tegli et al. (2000) who, using only four RAPD primers, obtained 51 polymorphic fragments in 15 T. minima isolates collected from different regions in Italy, all having different multilocus genotypes. However, the results greatly differ from those of Borie et al. (2002) who, despite the large number of primers screened, identified only a few reproducible polymorphic fragments in a study of the genetic diversity of T. minima in France. Using the seven RAPD markers scored for all isolates, these authors identified 18 haplotypes among 107 isolates collected at the regional level. Péros et al. (2000) also analyzed the genetic diversity of T. minima isolates at this spatial scale in France, and observed that eight RAPD markers distinguished 23 haplotypes among the 65 isolates collected. The analysis of the T. minima population from a single vineyard in Charentes (France) identified 12 haplotypes among 42 isolates, indicating several inoculum sources for this vineyard (Péros et al. 2000; Borie et al. 2002) . These authors concluded that the same RAPD pattern might potentially correspond to several genotypes, as the addition of one or two markers increased the haplotype number. The greater number of genotypes that we have identified could be due to the targeted nature of UP-PCR which preferentially samples the intergenic and correspondingly more polymorphic areas of the fungal genome, unlike RAPDS which may sample gene regions with similar frequency to intergenic regions. Few differences in gene and genotype diversity were found among three subpopulations in Spain. Similar lack of genetic differentiation and low values of gene diversity were obtained by Péros et al. (2000) , who compared T. minima populations from Bordelais (h00.19), Charentes (h00.23) and the LanguedocRoussillon regions (h00.37). However, Borie et al. (2002) observed that the genotype diversity measured by the normalized Shannon index was higher in the southern population (G00.58) than in the two other populations from south-western France (G00.40 and 0.37, respectively) and the analysis of a population from a single vineyard revealed a normalized Shannon index of 0.49. These authors suggested that the amount of genetic diversity therefore appeared considerably higher in Italy than in France. However, the hypothesis indicating that the diversity of T. minima varies between viticultural regions could be discarded since no significant differences were detected between different geographic regions in France (Péros et al. 2000; Borie et al. 2002) or in Spain (current study). It would be particularly useful to determine the genetic structure in populations of T. minima from other geographic areas or countries to be compared.
Contributions of inoculum from infected planting material in nurseries are well known, as T. minima has been detected in rootstock mother vines or scion cuttings (Gramaje and Armengol 2011) . For these reasons, we might expect to see a much greater survival and reproduction of clonal genotypes in the Spanish T. minima population. However, very few clones were found, with identical genotypes only identified on some isolates from the same regions and occasionally on different plants from the same vineyard or in the same vine where more than one isolate was taken. Further investigation of clonal lineages is warranted to ascertain if some isolates have evolved clonally through mutation events, thus providing unique genotypes that are only few DNA fingerprinting bands different from others. Shared genotypes were also found in distant regions (Madrid-Valencia~350 km; AsturiasZaragoza~700 km), indicating that long-range dispersal through aerial inoculum or infected plant material could play a role in genotype distribution.
Occasionally, some of the genotypes were identified on different plants from the same vineyard or in the same vine. Given these results, it would be important to establish whether infection could be passed systemically into current season's growth. In this regard, conidial distribution of T. minima in xylem vessels has been observed (Feliciano and Gubler 2001) , so the hypothesis of inoculum moving inside the plant or pruning transfer between vines should not be rejected. This study also demonstrates that the populations of T. minima from a single vineyard were composed of numerous genotypes, indicating that vineyards are exposed to several sources of inoculum and multiple infection events are common. The large fraction of unique genotypes within each field could have been the result of mating. The presence of different genotypes within the same vine could evidence multiple infections from different inoculum sources, e.g. aerial inoculum of T. minima in the field which penetrates through pruning wounds (Eskalen and Gubler 2001) . Similar finding were found by Borie et al. (2002) and Tegli et al. (2000) , who studied the overall haplotypic diversity on a local scale in France and Italy, respectively. Finer-scale sampling in several vineyards is needed to address theses hypothesis accurately.
All isolates were able to induce typical Petri disease symptoms in xylem vessels of 110 R rootstock. The expression of most of Petri disease symptoms caused by T. minima has already been successfully reproduced with artificial inoculations either under field (Mugnai et al. 1999; Halleen et al. 2007; Gramaje et al. 2010) or greenhouse (Scheck et al. 1998; Adalat et al. 2000; Halleen et al. 2007; Zanzotto et al. 2008; Aroca and Raposo 2009) conditions. However, this is the first study to investigate virulence diversity among isolates of this pathogen. No association could be found between virulence phenotype and mating type. Contrast analysis among groups defined by UP-PCR analyses showed no significant differences in the virulence of T. minima isolates.
In conclusion, the population of T. minima sampled in Spain did not show high genetic diversity and did not appear greatly subdivided. This little evidence for population subdivision and the lack of significant differences in allele frequencies suggest that gene flow is not restricted among subpopulations. It can be concluded, however, that mating probably does occur, because the genetic structure of the Spanish population of T. minima contains many unique genotypes from four predominant lineages, there does not appear to be any geographic or temporal structure, and the mating type distribution is random when considering the entire population. On the other hand, the role of asexual reproduction or inoculum from infected planting material cannot be minimized, since clonal reproduction was detected, and should be considered very important for spreading the disease over short and long distances. Therefore, it is reasonable to suggest that the Spanish T. minima population consist of a mixture of individuals derived from four main lineages with both asexual and sexual reproduction. Further studies with more intensive sampling and more markers are needed to gain insight into the biology of this fungus.
